Introduction
Amides are of fundamental interest since conjugation between nitrogen lone-pair electrons and the carbonyl -bond, results in distinct physical and chemical properties. As a result of conjugation between the carbonyl bond and the nitrogen lone pair, the C-N bond in amides possesses considerable double bond character thus; one can expect restricted rotation about this bond and a planar configuration for the amide group. This planar structure has been confirmed by measurement with X-rays and the trans-configuration is the most stable and it has been shown that protein chains involve this structure [1] [2] [3] [4] [5] [6] [7] [8] [9] . N-phenylacetamide is an interesting system because the nearly planar amide group display bond distances, which are close to those found in polypeptides. Spectroscopic and crystal structural studies give valuable informations on bond properties. The -CO-NH-group adopts a planar 'peptide-like' conformation, as in the case of formamide [10] , methyl hydrazinocarboxylate [11] , N-methylformamide [12] , o-methyl acetanilide [13] and formanilide [14, 15] .
Many N-phenylacetamide derivatives exhibit fungicidal, herbicidal and pharmacological activities which further stimulated the recent interest in their chemistry. Anilide herbicides such as alachlor, acetochlor, metolachlor, pretilachlor and butachlor are promising weed control agents for a wide variety of economically important crops including rice, cotton, potatoes and corns [16] [17] [18] [19] [20] [21] . N-phenylacetamide is used in medicine under the name antifebrin, as a febrifuge and it has pain relieving properties [22] . Acetanilide is a useful intermediate in various reactions of aniline in which it is desirable to protect the amino group.
As amides are the simplest model for peptides and also due to the fungicidal, herbicidal and several pharmacological activities of many acetanilide derivatives, their exact structure has been the subject of many experimental and theoretical studies [23] [24] [25] [26] [27] [28] . The vibrational spectroscopic analysis of N-(3-methylphenyl)-2,2-dichloroacetamide has not been studied. Thus, in continuation of earlier studies on N-(chloro substituted phenyl)-2,2-dichloroacetamides [1] and N-(2-methylphenyl)-, and N-(4-methylphenyl)-2,2-dichloroacet amides [29] , the N-(3-methylphenyl)-2,2-dichloroacetamide (3MPA) of the configuration XyC6H5-y-NHCO-CHCl2 (where, X = CH3 and y = 1) has been synthesised. Spectroscopic and quantum chemical studies were carried out on 3MPA in an effort to provide possible explanations for vibrational frequencies and to understand the effect of methyl group on the characteristic frequencies of amide group.
Experimental

Synthesis
The compound N-(3-methylphenyl)-2,2-dichloroacetamide was synthesized from methylaniline, dichloroacetic acid and phosphorus oxychloride based on the procedure reported [1, 29] . The pure samples of 3-methylaniline, dichloroacetic acid and phosphorus oxychloride were purchased from Aldrich chemicals, USA and are used as such without further purification. All other chemicals used are of analar (AR) grade. The synthesized crude compound was recrystallised from ethanol several times. The yield of the product is about 65%. The melting point of the recrystallised sample is 99 o C. The purity of the compound was confirmed by chemical analysis for C, H and N. The % found (calculated) C 49.59 (49.57), H 4.15 (4.16) and N 6.39 (6.42) . The simple reaction is shown in Scheme 1.
Scheme 1
Instrumentation
The FT-IR spectrum of the compound was recorded by KBr disc method in the range of 4000 to 400 cm -1 with Shimadzu FTIR-8400 spectrometer, features a temperature stabilized DLATGS detector, 30 degree Michelson interferometer and a high-energy ceramic globar source. The spectral resolution is 2 cm -1 . The FT-Raman spectrum of the compound was recorded in the Bruker IFS 66V spectrometer with FRA 106 Raman module. The Raman spectrum was obtained in the wavenumber range 3500-100 cm -1 . The light scattering was excited using a low-noise diode pumped Nd:YAG laser source operating at 1.064 m with 200 mW power. A special (enhanced) liquid nitrogen cooled germanium detector was used. The frequencies of all sharp bands are accurate to 2 cm -1 .
Computational details
The gradient corrected density functional theory (DFT) [30] with the three-parameter hybrid functional Becke3 (B3) [31] for the exchange part and the Lee-Yang-Parr (LYP) correlation function [32] , level of calculations have been carried out in the present investigation, using 6-311++G(d,p) basis sets with Gaussian 03 [33] program package. Following geometry optimisations with HF and B3LYP method using 6-311++G(d,p) and 6-31G(d,p) basis sets to characterise all stationary points as minima, the vibrational frequencies resulting in IR and Raman frequencies together with intensities, Raman depolarization ratios and thermodynamical parameters were determined. Owing to the complexity of the molecule, the potential energy distribution of the vibrational modes of the compounds are also calculated through normal coordinate analysis [34] [35] [36] using the force constants obtained from the B3LYP/6-311++G(d,p) method utilising the program of Fuhrer et al. [37] .
Results and discussion
Molecular geometry
The molecular structure and atom numbering scheme of the compound 3MPA under investigation is shown in Figure 1 . The geometry of the molecule is considered by possessing CS point group symmetry. The 60 fundamental vibrations of 3MPA span the irreducible representations 39A + 21A. All the vibrations are active in both IR and Raman.
Structural properties
The optimized structural parameters bond lengths and the bond angles for the thermodynamically preferred geometry of 3MPA at HF and B3LYP levels with 6-31G(d,p) and 6-311++G(d,p) basis sets are presented in Table 1 in accordance with the atom numbering scheme of the molecules shown in Figure 1 . The bond lengths between the amide nitrogen and the aromatic ring, C6-N7 and between the amide nitrogen and the carbonyl carbon atom, N7-C8 given in Table 1 reflect the changes in conjugation. The adjacent methyl group influence on the rotation of acylamino group. The steric interaction of methyl substituent on the ring is of great importance in determining its structural and vibrational properties. As the steric hindrance increases and the plane of acylamino group rotates, the C6-N7 bond becomes longer and the N7-C8 bond becomes shorter. The thermodynamic parameters of the compound has also been computed at HF and B3LYP methods with 6-311++G(d,p) basis sets and are presented in Table 2 . The calculated SCF energy and entropy of the compounds clearly indicates that 3MPA is more stable than 2MPA [29] . The bond length of the compounds 3MPA determined at the DFT level of theory is in good agreement with the structural parameters of N-phenylacetamide [38] . 
Vibrational analysis
The FT-IR and FT-Raman spectra of N-(3-methylphenyl)-2,2-dichloroacetamide are shown in Figures 2 and 3. All the observed wavenumbers are assigned in terms of fundamentals, overtones and combination bands. The observed and calculated frequencies by ab initio and DFT methods along with their relative intensities, probable assignments, depolarization ratios and potential energy distributions (PED) of 3MPA are summarized in Tables 3 and 4 . 
Carbon-carbon vibrations
The C-C stretching modes of 3MPA are assigned to the bands observed at 1595, 1432, 1410 and 1357 cm -1 in the Raman spectrum. The C-C stretching modes of 3MPA is observed in the range 1595-1357 cm -1 while in the case of 2MPA and 4MPA these are obtained in the range 1644-1382 cm -1 and 1642-1307 cm -1 , respectively [29] . The vibrational frequencies observed in the Raman spectrum of 3MPA at 1217 cm -1 is attributed to C-C(HCl2) stretching mode. The in-plane and out of plane bending vibrations are assigned and presented in Tables 3 and 4 . All these assignments are agreed well with the reported literature values [39] . The CCC in-plane bending and out of plane vibrations are described as mixed modes as there are about 10-20% PED contributions mainly from C-H inplane and out of plane bending vibrations, respectively. In 3MPA the ring breathing mode corresponding to the a1g mode of benzene is assigned to the wavenumber observed in the infrared spectrum at 878 cm -1 and in the Raman at 875 cm -1 [29] . 
C-H vibrations
The aromatic C-H stretching vibrations are normally found between 3100 and 3000 cm -1 . In this region the bands are not affected appreciably by the nature of substituents. The aromatic C-H stretching frequencies arise from the modes observed at 3062 (a1g), 3047 (e2g), 3060 (b1u) and 3080 (e1u) cm -1 of benzene and its derivatives [40] . The C-H present in the benzene ring of 3MPA gives strong to weak bands at 3104, 3043 and 3014 cm -1 . The vibrational modes observed at 3073 and 3063 cm -1 in the infrared and Raman spectra are attributed to the C-H stretching of -CHCl2 group. The aromatic C-H inplane bending modes of 3MPA are observed at 1163, 1138, 1042 and 975 cm -1 . The C-H out of plane bending mode the compound are observed in the region 1100 to 600 cm -1 and are presented in Tables 3 and 4 . The aromatic C-H in-plane and out of plane bending vibrations have substantial contribution from the ring CCC in-plane and out of plane bending, respectively. The C-H(Cl2) in-plane and out of plane bending vibrations are significantly mixed with CC in-plane and out of plane modes, respectively.
Amide group vibrations
The amide (-CONH-) group vibrations of the compounds investigated are correlated with N-(phenyl)-2,2-dichloro
and [1, 29] . Amide-I band, the C=O stretching mode is the strongest band in the infrared spectrum and appears with diminished intensity in the Raman spectrum. In N-phenylacetamide structure there is competition between the phenyl ring and the C=O for the lone pair of electrons of the nitrogen. The strong IR band observed at 1680 cm -1 is assigned to the amide-I band of 3MPA while the Raman counterpart is obtained as very strong band at 1678 cm -1 . The comparison of C=O stretching of 3MPA with that of NPA molecule reveals that the C=O stretching frequencies of the compound under investigation does not show significant variation from that of the parent compound N-phenyl-2,2-dichloroacetamide.
The N-H stretching band of secondary amides seen in the infrared spectrum between 3370 and 3170 cm -1 . A weaker band may appear at about 3100 cm -1 in secondary amides due to Fermi resonance of 1550 cm -1 . Thus the very strong band observed at 3245 cm -1 in infrared spectrum and 3247 cm -1 in Raman is attributed to the N-H stretching of 3MPA molecule. The 4MPA shows the characteristic very strong N-H stretching band at 3240 in the IR and at 3236 cm -1 in Raman spectrum. In comparison with NPA, the N-H stretching frequency of 3MPA is lowered by 20-30 cm -1 while between 2MPA and 3MPA there is no significant changes.
The dipole moment measurements, X-ray and neutron diffraction studies demonstrated that the trans conformer of Nphenylacetamide is the predominant and most stable [14, 15, 39, [41] [42] . The influence of the ring substituent on N-H stretching frequency of N-phenylacetamide and its derivatives may be the resultant steric effect, direct field effects, hydrogen bonding and bond polarisation effects [43] . The steric effect of methyl substituent must be considered in conjunction with the conformations. The increase in N-H stretching frequency may be expected in introduction of an o-methyl group into the phenyl ring of N-phenylacetamide. In the present investigation, it is observed that there is no increase in the N-H stretching frequencies of 3MPA than that of NPA. This clearly confirms that the steric effect due to methyl group is not significantly operating on the N-H stretching.
The frequencies observed at 1554 and 1555 cm -1 in 3MPA are ascribed to the amide-II band, N-H in-plane bending mode. Shift in the lower frequency side with that of 2MPA (1588 and 1590 cm -1 ) shows that the methyl group in 3MPA exerts less steric influence on the N-H bond. The C-N stretching mode, the amide-III band, of 3MPA is assigned at 1335 cm -1 in IR and Raman spectra, respectively. The spectral data indicates that no rise in C-N stretching frequencies of 3MPA and there is no hyper conjugative influence of the methyl group towards the C-N bond. a ν-stretching; β-in-plane bending; δ-deformation; ρ-rocking; γ-out of plane bending; ω-wagging; τ-twisting/torsion; IR intensities, KM/mole; Raman scattering activities, (A o ) 4 /(a.m.u); DPR: Depolarization ratio.
The amide-IV, C=O in-plane bending of 3MPA is found at 806 and 804 cm -1 in the IR and Raman, respectively. There is no significant shift in the C=O in-plane bending, frequencies of 3MPA than that of NPA, 2MPA and 4MPA. The amide-V, the N-H out of plane bending is observed as strong and medium bands at 726 and 730 cm -1 in 3MPA. The C=O out of plane bending of 3MPA is seen at 658 cm -1 . Both the amide-V and amide-VI out of plane bending modes of 2MPA, 3MPA and 4MPA is significantly raised than that of NPA. The PED calculations determine that the amide-IV and amide-VI bands possessing the character of N-H vibrations by mixing. The amide-V bands of 3MPA is significantly overlapped C=O out of plane bending vibrations.
Methyl group (−CH3) vibrations
The symmetric, νs(CH3) frequency of 3MPA is established at 2922 and 2923 cm -1 . The asymmetric stretching of 3MPA, νa(CH3) is assigned at 2998 cm −1 under A' species. The depolarized frequencies seen at 2955and 2956 cm -1 in the spectra of 3MPA are attributed to the νa(CH3) under A" species. The asymmetrical methyl deformation mode, δa(CH3) of 3MPA are observed at 1482 cm −1 under A" species while the band at 1447 cm −1 in the infrared spectrum is attributed to the methyl asymmetric deformational modes δa(CH3) in the A' species. 
CCl2 group vibrations
When several chlorine atoms are attached to one carbon atom, the band is usually more intense and at high frequency end of the assigned limits. The C-Cl absorption is observed in the broad region between 850 and 550 cm -1 . Thus, the strong and medium bands in IR at 780 and 777 cm -1 cm -1 are assigned to the asymmetric CCl2 stretching wavenumber of 3MPA. The symmetric CCl2 stretching is observed at 687 cm -1 in 3MPA. The CCl2 asymmetric and symmetric stretching frequency of 3MPA does not show any appreciable variation from that of the corresponding frequencies in NPA, 2MPA and 4MPA. The inplane CCl2 deformation vibrations and the out of plane CCl2 twisting and wagging modes are obtained in the low frequency region of the Raman spectra as medium to strong bands. These assignments are in good agreement with the literature values [1, 44] and well supported by normal coordinate analysis. The CCl2 wagging mode significantly overlaps with CCl2 twisting mode and vice versa and also the in-plane C-H bending vibrations contributed to CCl2 deformation and rocking modes.
Computed harmonic frequencies typically overestimate vibrational fundamentals due to basis set truncation and neglect of electron correlation and mechanical anharmonicity [45] . To compensate these shortcomings and to correlate the experimentally observed and theoretically computed frequencies for each vibrational modes of the compounds under HF and DFT-B3LYP methods, scale factors are introduced [46] [47] [48] [49] [50] [51] [52] [53] [54] . Initially, all scaling factors have been kept fixed at a value of 1.0 to produce the pure HF and DFT calculated vibrational frequencies which are given in Tables 3  and 4 Table  3 and 4. These are much closer to unity and thus the vibrational frequencies calculated by using the B3LYP functional with 6-311++G(d,p) basis set can be utilized to eliminate the uncertainties in the fundamental assignments in infrared and Raman vibrational spectra.
Conclusion
The molecular structural parameters, thermodynamic properties and vibrational frequencies of the fundamental modes of the optimized geometry of 3MPA have been determined from HF and DFT-B3LYP methods. The FT-IR and FT-Raman vibrational frequencies of the compounds under investigations revealed close similarities in the magnitudes of the frequencies when compared with 2MPA and 3MPA, in spite of the fact that the methyl substituent in the phenyl ring are at different positions. The comparison of the fundamental vibrations, the following observations are made: The magnitude of C=O frequency variation is also not significantly influenced by the position of methyl group. In the present investigation, there is no increase in the N-H stretching frequency of 3MPA than that of N-phenyl-2,2-dichloroacetamide, clearly confirms that the steric effect due to mmethyl group is not significantly operating on the N-H. The comparison of other amide group frequencies did not show any appreciable variation in the respective wave numbers except the amide IV band, C=O in-plane bending and the amide-VI band, C=O out of plane bending mode of the compounds. The basis set 6-311++G(d,p) is reliable for the determination of the electronic structure by quantum chemical investigations of such complex compounds.
